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Correction of Closed Orbit Distortions

in the Horizontal Direction

1.

Many computer programs with a vari ety of algorithms exi st for

controlling the closed orbit in synchrotrons. One of the more recent reports

on this subject explains how the closed orbit was established in the Fermilab

Tevatron on "Day One" and how it is manipulated during routine operations.1

In most synchrotrons, the beam position monitors and the steering dipoles are

located side by side and algorithms such as the familiar three-bump orbits

are easy to understand. When a beam is kicked at alocationIIA", the

resulting beam displacement at another 1 ocation -B" downstreami s proportional

to sin(à~) where à~ is the betatron phase advance from "A" to "Bit. It is

therefore reasonabl e to have the phase advance between two adjacent posi tion

monitors somewhere around 45" to 90" and to make it more or less uniform

around the ring. The commonly used FOOD-type lattice with the phase advance

of 60" to 90" per cell satisfies these conditions and many computer programs

for controlling the closed orbit are tailored to such an arrangement.
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When judged from this consideration, the Chasman-Green lattice

chosen for the 7-GeV APS synchrotron and the arrangement of position monitors

and steering dipoles in it are quite abnormal. Because of the importance of

closed orbit deviation within (very strong) sextupoles, position monitors of

both polarities are placed at thesextupole locations. In the vertical

direction, this may be regarded as "natural" since steering dipoles are also

located at the same place, i.e., inside each sextupole. Furthermore, the

phase distance between adjacent position monitors are surprisingly uniform in

the vertical direction as one can see in Fig. 1. No serious problems are

anticipated in controlling the vertical closed orbit with the standard

algorithms whi ch are bei ng used for the FOOD-type arrangements. Hori zonta 1

direction is an entirely different story.

One sees in Fig. 2 that, in the horizontal direction, the phase

distance from one position monitor to the next i.s quite irregular; it is only

7° or as much as 100°. Similar irregularities exist in phase di$tance of

steering elements, particularly if the trim windings in dipoles (BU and So in

Fig. 2) are not used to control the horizontal closed orbit. In order to

establish a horizontal closed orbit on "Day Oneil and, subsequently, to reduce

its deviation as. much as possible, a series of new procedures tailored to this

abnormal situation may become necessary. This is now being investigated by

W. Chou. Extensive numerical studies on orbit corrections with various

combinations of steering dipoles have been performed by Y. Jin using computer

programs such as PETROe ~ PETROS, RACETRACK and MAD.

The scope of this note is rather modest in comparison. Based on a

simple model, a study has been made to find out statistically how much kick

angle is needed by each steering element and how much residual closed orbit
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deviation should be expected when the closed orbit is steered to go through

the center of seven position monitors (M2 through M8) in each cell. Seven

independent kicks are supplied by two trim dipoles Su and 80' and six steering

elements (Hi through H6) with H3 and H4 assumed to have the same kick angle.

If it is necessary to remove H3 to make a space there for a correction skew

quadrupole (in every other cell), the kick angle of H4 would have to be

daub 1 ed.

I i.

A very simple stati st i cal argument can be used to make an

approximate estimate of the rms ki ck.ang 1 e required at each steering
el ement.

The expected overall effect of quadrupole misal ignmerits can be

represented by the quantity

Irs (B'.e/Bp)2/l2J. = 11.6 m=1/lx2/half celli x 1 (ILl)

where the sum is for five quadrupoles in half cell and !:x is the rms of

quadrupole horizontal misalignments /li. If three steering dipoles (Hi, H2,

H3) are used in each hal f cell to correct for.thi s effect, one must have

J: Sx82 = 35.9 rn , 82) = 11.6 m=l /l; (II.2)
or

/ ,8 2) = 0.57 m -1 /l x'
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If ~x is 0.5 mm (which is much more than the design goal of 0.1 mm), the rms

value of required kick angle at each steering element is 0.29 mrad. Since

each steering element is capable of kicking the 7-GeV beam lin +.. ..i ': ....".-lo"' ..v ..J. G.. JIll o.u,

this is quite comfortable. With only two steering dipoles (H2, H3) in each

half cell, the required kick will be

I 'Ce2) = O 89 m-l.. LlX

which may be too large to feel completely safe if ~x is indeed as large as

0.5 mm. For the design goal of ~x = 0.1 mm, there will be no problem even

with two steering elements/half cell. It should be obvious that, in

discussing closed orbit deviations caused by quadrupole misalignments, the

beam motion is assumed to be linear. Specifically, this implies that all

sextupoles are off when one is trying to control the closed orbit. If

sextupoles are on (for whatever the reason), the adjustment of closed orbit

must be done in several small steps.

Since there are nine position monitors in each cell, there will be

some residual closed orbit deviations at all position monitors when only four

or six independent kicks are used in one cell. The argument presented here

cannot predict how much residual deviations 
one must expect. In the following

section, seven independent kicks are used in each cell in order to have a

perfect closed orbit at seven position monitors, M2 through M8, and the

residual orbit deviations are calculated at other locations where the beam

position cannot be observed.
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III.

It is easy to see that the dominant source of horizontal orbit

deviations is the quadrupole misalignment. For the 7-GeV ring, the expected

horizontal deviation at an arbitrary point is given by

.( E;~ + n~ ) = 590 m-1 ~2
x

(IILl)

Normal ized coordinates are used here in order to make the transfer from one

point to another a simpl e rotation with the betatron phase advance as the

rotation angle:

E;x = x/~ and nx = ~ Xl + (axl¡-x)x (IIL2)

There are 7x40 = 280 unknowns (kick angles) in the ring to satisfy

the equal number of conditions (i .e., deviations at 280 monitors). Since the

motion is assumed to be linear, solving the 280 equations is accomplished by

inverting a (280 x 280) matrix which is not an easy task for a simple

program. Numerical inversion of such a ~atrix often leads to many

difficulties when single precisions are used.

In order to avoid this difficulty, a simple model has been used. ß

closed orbit (xo,x&) was selected randomly at the center "C" of an insertion

(see Fig. 2) in accordance with (III. 1). Misalignments of thirteen

quadrupoles downstream of "C" were chosen randomly using the same value of ~x
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and the resulting orbit deviations were calculated at nine monitors; M2

through Mg downstream of "C" plus M2 and M3 of the next cell. Nine

independent kicks were then found such that the corrected closed orbit

deviation is zero at these nine position monitors. Nine kicks are at H6

(which is upstream of "C")~ Hi through H6 (with H3 = H4), Hi of the next cell

and two trim windings BU and BO' The kick angles for the first two elements~

H6 and Hi~ are understandably very large since~ acting alone~ they must

eliminate the deviations at M2 and M3' These large angles are not real; if

effects of upstream elements were taken into account~ the required angle

would become much smaller. The proper values are found at the last two

steering elements designated as H6i and Hi' in Fig. 2. When all kick angles

are found~ the closed orbit deviations at other places (where there are no

monitors) can be calculated.

For one hundred samples randomly chosen~ the results are

tabulated below. All quantities are linearly proportional to ~x so that the

units for angle and orbit deviation are mrad and mm, respectively~ when ~x is

measured in mm.

A. Kick angles

steed ng dipoles max.! ~)( rms/ ~x

H2 0.62 0.22

BU 1.20 0.42

H3 & H4 1.56 0.52

BO 1.14 0.41

H5 0.58 0.21

H6i 1.68 0.57

Hi i 1.57 0.55
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B. Residual closed orbit deviation

location max. 1 b.x rmsl b.x

BU 1.12 0.39

H3 0.76 0.25

H4 0.84 0.25

BO 1.05 0.38

H6 l 0.68 0.25

HI' 0.64 0.24

At 7 GeV, the maximum capability of steering dipoles (Hi to H6) is

tl.3 mradwhile it is *5.2 mrad for BU and BO. Based on this study alone, one

mayconcl ude that b.:: 0.25 mm or less can be accommodated with the present

steering ~ystem. The~uestion remains, however, as to whether one should be

able to establish a measurable closed orbit on "Day One" without too much

struggl i ng and what procedures are best sui ted for thi s purpose.
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